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1. Introduction
Carbon fibre reinforced polymer composites (CFRP)
are widely used in advanced engineering technolo-
gies. Epoxy resins are employed as their matrix
material, possessing outstanding mechanical per-
formance and good processability. However, epoxy
resins are relatively brittle which causes a major
problem for the engineering performance of the
final structure. To overcome this weakness, scien-
tists have been toughening the formulations with
nano and micron-scale particles in the last three
decades.
Several research teams have explored the modifica-
tion of the properties of epoxy resins by introducing
various toughening agents such as reactive liquid
rubber [1], thermoplastics [2, 3], micron scale rub-
ber particles, nano rubber particles [4, 8], and nano -
scale fillers [5, 6]. One of the main objectives behind
the modification of the epoxy is to improve the frac-
ture toughness of the resin without sacrificing intrin-
sic properties like the glass transition temperature
(Tg) and its elastic modulus. A significant increase in
the fracture toughness of advanced composite lami-
nates can constitute a potential route towards design-
ing composites with an extended lifetime and dura-
bility.
Recent studies have demonstrated the benefits of
using nanoparticles to improve the mechanical prop-
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erties of epoxy resins. Tang et al. [7] reported a 52%
increase in the KIC of epoxy resin with 0.2 wt%
highly dispersed thermally reduced graphene sheets
addition. Qi et al. [8] observed an improvement of
the Izod impact strength of epoxy by 80% when dis-
persing 12 phr of nano acrylonitrile butadiene rub-
ber. Phong et al. [9] observed a 70% increase in the
mode I interlaminar fracture toughness of CFRP
using epoxy matrix modified with 35 nm core-shell
nano rubber at crack initiation. Fan et al. [10] eval-
uated the mechanical properties of nano rubber
toughened epoxy resin and observed an improve-
ment of 96% in Izod impact strength adding 12 phr
of nano carboxylic nitrile butadiene rubber. Tripathi
and Srivastava [11] improved the Izod impact strength
and toughness of epoxy by 1.5 times with a 20 wt%
dispersion of carboxyl terminated butadiene acry-
lonitrile copolymer (CTBN), however with a result-
ing slight decrease of the system Tg. In a recent
review paper by Tang et al. [12], the highest
improvements in the fracture toughness of FRP was
achieved in hybrid composites, where the toughen-
ers are silica particles and CTBN rubber. Hsieh et al.
[13] demonstrated that it is possible to improve the
interlaminar fracture toughness of CFRP by a factor
of 2 with 10 wt% of silica and 9 wt% of CTBN addi-
tion to the epoxy matrix. In many of these studies,
the drawbacks such as the high cost of the nanopar-
ticles, the complicated processing methods and the
inevitable decay in the Tg of the system restricted
the large-scale production of these nano compos-
ites.
In our previous work, the effect of acrylonitrile-
based nanorubbers on the cure kinetics, physical
properties and the processing of epoxy resin were
studied. We have showed that the acrylonitrile based
nanorubber materials do not increase the viscosity of
the specific epoxy resin beyond its processing lim-
its; neither do they affect the Tg of the system [14].
Hence, previous work deals with the properties of the
nanorubber-toughened matrix resin only, and the cur-
rent work represents a continuation, studying the
mechanical properties of the CFRP composites with
the nanorubber toughened epoxy resin matrices. In
a recent work we have also shown that nanorubber
toughening of the resin can improve the damping
capacity of the matrix, leading to an enhanced
fatigue life [15].
In general, a significant improvement in the fracture
toughness of the composites with the addition of
nanorubber to their matrices is usually accompa-
nied by a modification of the glass transition tem-
perature (Tg) [16]. The work proposed in this paper
is novel because it presents for the first time – to the
best of the Authors’ knowledge – a class of compos-
ites for which none of the intrinsic properties are
deteriorated by the dispersion of nanorubber into their
matrices [14]. The composites we present in this
work feature a significant improvement in the delam-
ination fracture toughness without any noticeable
change in the Tg.
NBR-NP and CNBR-NP, both of which impart excel-
lent compatibility with epoxy resins, are dispersed
within dicyandiamide-cured epoxy matrices. To the
best of the Authors’ knowledge, due to the challenges
in nano rubber dispersion within epoxy matrices and
the complex structure and cross-linking mechanism
of the dicyandiamide (DICY) curing agent, no pre-
vious study was reported on the toughening of
dicyandiamide-cured epoxy matrix with acryloni-
trile-based nano rubber materials. This forms the pri-
mary motivation of the current work.
A significant amount of work is available in the lit-
erature on the effect of the addition of nano rubber
on the mechanical properties of epoxy resin sys-
tems [17–19]. However, there is a noticeable lack of
work on the mechanical properties of CFRPs with
nano rubber-toughened epoxy as matrix, mainly
because of the viscosity build-up of the resin upon
addition of nano rubber, which makes the penetra-
tion of the nano-modified resin through the fibres
difficult. In this paper, we describe the analysis on
CFRP produced by the hand lay-up technique. The
hand lay-up process is not affected by viscosity
changes, and – moreover – the relatively high vis-
cosity of nano-modified matrices prevent resin leak-
age at high processing pressures, resulting therefore
in improved interfacial properties.
Epoxy matrices were toughened with nano rubber
by using a laboratory-scale triple mill. Narrow par-
ticle size and even distribution were maintained in
the blends by this technique, resulting in a tough-
ened epoxy network with enhanced mechanical
properties.
We report novel CFRP composites with acryloni-
trile based nano rubber-modified resin matrices with
significantly improved fracture toughness and the
ductility. The manufacturing methods used to pro-
duce the matrices and the composites could be poten-
tially applied to scale-up processes in industry.
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2. Materials and composites manufacturing
Liquid DGEBA (diglycidyl ether of Bisphenol A)
(Araldite LY1556) with epoxide equivalent weight
of 188 was supplied by Huntsman, UK. Dicyandi-
amide (DICY, Dyhard D50EP) was employed as the
curing agent and a difunctional urone (Dyhard
UR500) was used as the accelerator, both from Alz -
Chem, UK. Nano carboxylic acrylonitrile butadiene
rubber (CNBR-NP) Narpow VP-501 (single particle
size distribution 50–100 nm, acrylonitrile content,
26 wt%), and nano acrylonitrile butadiene rubber
(NBR-NP) Narpow VP-401 (single particle size dis-
tribution 100–150 nm, acrylonitrile content, 26 wt%)
were received in powder form from SINOPEC, Bei-
jing Research Institute of Chemical Industry (BRICI),
China. For the details on the chemical reactions
occurring between the components of the DGEBA
resin, the DICY hardener and the difunctional urone
accelerator the reader is referred to [20, 21].
Fumed silica (FS) received from Aerosil, UK (D50 =
1 !m) was adopted in some of the formulations to
modify the rheological behaviour and help the
CFRP laminates production. 199 GSM and 2"2
Twill carbon plies from Sigmatex (UK) Ltd. (Torayca
T300) were employed to produce the CFRP panels.
The matrix formulations used in this research work
are given in Table 1.
The nano rubber was dispersed in the DGEBA
matrix and the blend was speed-mixed at 3500 rpm
for 1 minute. The blend was triple milled for six
times at room temperature (RT = 23°C). After mix-
ing, it was then magnetically stirred at a speed of
320 rpm and degassed at 70°C inside a glass flask
for 16 hours under vacuum. The curing agent and the
accelerator were added and the final mixture was
speed-mixed at 2100 rpm for 6 minutes. Further
details on the manufacturing techniques adopted
can be found in [14].
A hand lay-up technique was used to produce the
CFRP laminates. Bidirectional dry carbon plies with
the nano rubber-toughened matrix were vacuum
bagged and cured in an autoclave under a pressure
of 6 atm. Twelve and eight layers of carbon plies
were used to fabricate samples for double cantilever
beam tests and interlaminar shear strength (ILSS)
tests, respectively. The composite panels were
heated to 120°C at a heating rate of 0.5 °C/min and
held for 1 hour at this temperature before cooling
down to RT at the same rate, in an autoclave. The
processing techniques are given in Figure 1.
The volume fraction of the carbon fibres in the com-
posites was estimated with the Equation (1):
                                      (1)
where WFAW is the fibre areal weight, Np is the num-
ber of plies, B is the thickness of the composites and
!F is the density of the carbon fibre. The value of
WFAW is quoted from the manufacturer’s datasheet
of the carbon fabrics, (199 g/m2). The density of the
carbon fibre is 1.76 g/cm3. The carbon fibre volume
fraction of the composites was 52±1%.
3. Experimental work
3.1. Short beam shear (SBS) test
Specimens with dimensions 20"6.35"3.2 mm were
cut from the CFRP panels using a water jet. The
SBS tests were conducted complying with ASTM
D2344 at a crosshead speed of 1.3 mm/min using
Zwick Z250 universal testing machine at RT (23ºC).
Test samples were placed on two roller supports that
allow lateral motion and loaded at mid-span. The
span length (S) to specimen thickness (t) ratio was 5.
The beam was loaded until failure and the failure
load was used to calculate the apparent interlaminar
shear strength (APS) of the composites. The maxi-
mum load was interpreted as the initial maximum
attained on load vs. crosshead displacement graphs.
The APS was calculated by Equation (2):
                                                (2)
where Pmax represents the maximum load, w the
width of the specimen and t the thickness of the spec-
imen. Five samples were tested for each composition.
APS 5
0.75Pmax
wt
Vf 3, 4 5 100WFAWNpBrF
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Table 1. Formulations used within experimental work, in phr (parts per hundred of DGEBA)
CODE DGEBA DICY Diurone NBR-NP CNBR-NP Fumed Silica
R 100 14 6 – – –
R/ X FS 100 14 6 – – X
X CNBR-NP/ R 100 14 6 – X –
X NBR-NP/ R 100 14 6 X – –
3.2. Mode I delamination fracture toughness
using DCB specimen
The effect of nano rubber toughening on Mode I
delamination toughness G1C, was studied using a
double cantilever beam (DCB) test on CFRP sam-
ples following the EN6033 standard by using a Zwick
Z250 machine at a crosshead speed of 10 mm/min.
The samples were loaded perpendicular to the delam-
ination surfaces.
A piece of release film (PTFE film) was placed at
the midplane of the stacked plies during the hand
lay-up process to create a 30 mm long pre-crack. Five
DCB specimens with dimensions of 250"25"3 mm
were tested from each formulation. Screw able
grips were clamped onto the two faces of the speci-
men end having the pre-crack. The specimens’ edges
were coated with white paint and marked for a clear
reading of the crack length. The pre-cracked sample
was loaded continuously by peel-forces until a total
propagated crack length of approximately 100 mm
was achieved. The interlaminar fracture toughness
energy was calculated from the propagated crack
length and the applied energy determined from the
load-cross head displacement diagram. Five sam-
ples were tested for each composition.
The interlaminar fracture toughness is calculated
from the Equation (3):
                                                   (3)
where GIC is the fracture toughness, in [J/m2], A is
the required energy to achieve the total propagated
crack length, in Joules (integration of the area under
the load vs. crosshead displacement diagram), a is
the crack length, in [mm] (final crack length minus
initial crack length), w is the width of the specimen,
[mm].
Scanning electron microscopy (SEM) at secondary
electron mode was used to verify the distribution of
the nano rubber within the resin matrix and the
toughening mechanisms. For this, fracture surfaces
of the CFRP laminates were examined. The sam-
ples were vacuum coated with gold using a sputter
coater. Images were taken using an accelerating
voltage of 20–25 keV with a magnification between
90 to 2000 times.
3.3. Mode II interlaminar fracture toughness
(end notched flexure test)
Five specimens for each composite configuration
were tested following the EN6034 standard with
Zwick Z50 machine at a crosshead speed of
1 mm/min. The samples were positioned on a three-
point bend fixture with a total span of 100 mm; with
an initial crack length of 34–35 mm.
GIC 5
A
aw ~10
6
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Figure 1. Manufacturing techniques used in this study
The load and crosshead movement were continu-
ously recorded and the crack length was recorded
using a digital video camera. The sample was
unloaded when the maximum load is reached. The
mode II fracture toughness, GIIC, was calculated
using the maximum load sustained by the sample.
The GIIC value was calculated [22, 23] as given by
Equation (4):
                                  (4)
where GIIC is the Mode II fracture toughness energy
in [J/m2], P is the load [N], " is the crosshead dis-
placement at the crack growth onset [mm], w the
specimen width [mm], a the initial crack length
[mm] and L the span length [mm]. Five samples were
tested for each composition.
4. Results and discussion
4.1. Morphology
Figure 2 shows fracture surfaces of the CFRP sam-
ples. The nano rubber appears to have bonded to the
surface of the carbon fibre and debonded from the
matrix. In this figure, both CNBR-NP and NBR-NP
provide an even dispersion within the composites.
In the NBR-NP modified resins, an interphase formed
between the carbon fibre and the matrix that is an
indication of a strong fibre-matrix interfacial adhe-
sion (Figure 2b). This suggests that the NBR-NP
developed a resistance to fibre-matrix failure. It is
possible that the NBR-NP particles act like a sizing
agent for the carbon fibres, therefore enhancing the
fibre-matrix interfacial strength. It is clear from the
inspection of Figure 2b that the NBR-NP particles
are attached to the fibre surface, creating a higher
contact area between the latter and forming mechan-
ical interlocking sites [24].
In CFRP composites, the difference between the
elastic moduli of the carbon fibre and the resin
matrix is quite significant and the stress transfer
between the two phases is weak, creating residual
stresses at the interface. However, the relatively com-
pliant nanorubber toughened matrix can deform plas-
tically, therefore relaxing the stress concentrations
[15]. Plastic deformation at the fibre-matrix inter-
face may act as an energy dissipation mechanism
that provides an improved interfacial strength. The
soft particles resist to fibre-matrix failure due to the
creation of an interphase, as shown in Figure 2b.
Interestingly, this kind of interphase was not observed
in the laminates with the unmodified matrix and the
CNBR-NP modified matrices.
Figure 3 shows the SEM images of the matrix frac-
ture surface in between the carbon fibres. It can be
seen that the dispersion of CNBR-NP in epoxy resin
is better when compared to that of NBR-NP. This is
due to the carboxyl group of CNBR-NP, helping with
better dispersion in the matrix [25]. Further details on
the morphology of these blends can be found in [14].
The toughening mechanisms of both systems were
identified as crack front pinning, crack path deflec-
tion, crack bridging and nano rubber debonding, the
latter followed by plastic void growth of the epoxy
(Figure 3). In crack front pinning mechanism, crack
growth is prevented by the rigid particles and hence,
extra energy is required for crack propagation [26].
In crack path deflection mechanism, nanoparticles
GIIC 5
9000Pa2d
2w a 1
4
L3 1 3a3 b
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Figure 2. SEM image of the fracture surface of (a) CFRP with 20CNBR-NP/ R matrix, (b) CFRP with 10NBR-NP/ R
matrix
deviate the crack from its main plane resulting in an
increase in the surface area of the crack and the
energy to propagate such a crack. In crack bridging
mechanism, the particles link separate crack sur-
faces to each other and reduce the stress concentra-
tion at the crack tips. Presence of holes with larger
diameters than the particles within the structures
shows that plastic void growth of the epoxy matrix,
initiated by debonding of the particles has occurred
[27–29]. Matrix-particle debonding is essential in
the plastic void growth mechanism, which is a sig-
nificant part of the plastic deformation in nano rub-
ber modified epoxy samples that reduces the stress
at the crack tip [30, 31]. From the observation of the
micrographs in Figure 3 it is possible to note the
presence of a non-homogeneous void size distribu-
tion, with some of the voids larger than the nano -
rubber diameter (CNBR-NP, 50-100 nm or NBR-
NP, 100–150 nm). This fact proves that the debond-
ing mechanism follows a plastic void growth, which
is major energy dissipation and hence a toughening
micro mechanism [32]. Rubber nano particle debond-
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Figure 3. SEM images of the matrices on the DCB fracture surface of R 6 1FS (a), CNBR-NP/ R (b–e), NBR-NP/ R (f–i)
ing from the resin matrix occurs at the particle-matrix
interface, therefore reducing the degree of stresses
acting in the matrix adjacent to the particles.
4.2. Interlaminar shear behaviour
The apparent interlaminar shear strength and the
failure stresses and corresponding strains are given
in Table 2. For each laminate tested, a load-displace-
ment curve that represents the average of the five
samples is shown Figures 4a and 4b. Figure 4c shows
the behaviour of the apparent interlaminar shear
strength [MPa] vs. the nanorubber loading [phr] for
the CFRP samples.
The response of each laminate shows a nearly linear
elastic behaviour at the early stages of loading. This
continues until an apparent elastic limit is reached.
After this point, each laminate shows a decrease in
load. This decrease in load is sudden in brittle com-
posites, like CFRP with a neat resin matrix. How-
ever, with an increase in the nano rubber concentra-
tion, the decrease in load is ductile and apparently
the crosshead displacement till fracture is larger and
increases continuously with the rubber content in
the samples. This increase in crosshead displace-
ment is due to a decrease in the composite stiffness
with rubber concentration, which results in higher
deflections at the same load levels. Bai et al. [33] pre-
viously reported that in the linear part of the load-
displacement curve fibre fragmentation was observed
Ozdemir et al. – eXPRESS Polymer Letters Vol.10, No.5 (2016) 394–407
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Figure 4. Load vs. crosshead (CH) displacement graph of CFRP in ILSS specimens with (a) X CNBR-NP/ R matrix,
(b) X NBR-NP/ R matrix, (c) apparent interlaminar shear strength [MPa] vs. X [phr] of the CFRP samples
Table 2. Apparent interlaminar shear strength of the CFRP
samples, # – standard deviation, s – displacement
at fracture
X (NP phr)
X CNBR-NP/ R X NBR-NP/ R
APS
[MPa]
!
[MPa]
s
[mm]
APS
[MPa]
!
[MPa]
s
[mm]
0 (0.26 FS) 71.5 1.7 0.6 71.5 1.7 0.6
0 (1 FS) 70.1 1.1 0.6 70.1 1.1 0.6
5 67.8 0.6 0.5 68.8 0.7 0.7
10 62.6 1.2 0.6 62.0 0.6 0.8
15 61.0 0.4 0.7 56.6 0.1 0.7
20 55.6 0.8 0.8 54.0 1.5 0.9
in the central part of the beam, and matrix damage
was noticed on the shearing section resulting in the
non-linearity of load vs. displacement curve. Fig-
ure 4 shows that with an increase in nano rubber
concentration, the linearity of the curve until failure
decreases, indicating higher matrix damage.
The results show that CFRP with neat R/ 1FS matrix
reached the highest peak load, and the apparent inter-
laminar shear strength (APS) decreased continu-
ously with an increase in the rubber loading.  Fumed
silica did not show a noticeable effect on the results.
The decrease in the APS values is attributed to the low
strength and stiffness of the nano rubber particles
decreasing the final strength and stiffness of the lam-
inates, which is an expected phenomenon in nano
rubber modified CFRPs.
Failure modes of the short beam shear specimens
The failed short beam specimens were examined
with SEM at secondary electron mode to assess the
damage in the laminates. In Figures 5a and 5b delam-
ination and fibre buckling is observed in the CFRPs
with the neat R/ 1FS matrix. In Figures 5c and 5d it
is possible to observe that the tensile stress gener-
ated at the bottom of the specimen has caused trans-
verse tensile cracks. Delamination is also observed
between the carbon ply and the matrix in Figures 5c–
5f, and fibre pull-out due to delamination is present
in Figures 5d and 5f. In Figures 5e and 5h cracks at
45° are observed due to the maximum shear stress
occurring in ±45° directions under uniaxial loading.
Failure did not occur at the mid-plane in any of the
specimens. Instead, interfacial shear failure occurred
above and below the mid-plane.
From the analysis of the SEM images (Figure 3) it
is clear that the level of porosity in the structure
increases with the nanorubber loading. Voids cause a
reduction in the apparent shear strength by decreas-
ing the net cross sectional area and by creating stress
concentrations [34]. Another factor affecting the APS
value is the thickness of the interlaminar layers. Pre-
vious studies have shown that an increase of the
interply resin thickness enhances the interlaminar
mechanical properties [35]. Small thickness varia-
tions arising from differences in resin content of the
composites may result in different interlaminar prop-
erties. A most important factor is also the degree of
crosslinking [36]. The morphology and the change
in stoichiometry of the matrix with the nanorubber
dispersion can affect the interlaminar shear stiffness
and strength properties. However, we have proved
with dynamic mechanical analysis that the change in
the degree of crosslinking with the nanorubber mod-
ification is insignificant [14].
To summarise, the consistent decrease of the APS
value with the nanorubber concentration may be
explained by the lower quality of the laminates with
high void content, and by the low stiffness of the
nanorubber particles that cause a reduction in the
stiffness of the resin.
4.3. Mode I fracture toughness using double
cantilever beam (DCB)
The Mode I fracture toughness of the CFRP lami-
nates based on an average of 5 samples are sum-
marised in Table 3. One can observe a 250 and 200%
increase in GIC with 20 phr CNBR-NP and NBR-
NP addition to the matrix, respectively.
Figures 6 shows the load vs. displacement curves of
the CFRP samples with the CNBR-NP and NBR-
NP modified matrices respectively. This figure
shows that the maximum load and crosshead dis-
placement attained before fracture increases consis-
tently with increasing the nano rubber concentra-
tion. Figure 6 also indicates that the force linearly
increases until it reaches the maximum force value,
and then gradually decreases with zigzag shape in
the propagation stages. This could be due to the
variations of resin-rich regions or ﬁbre-rich regions
along the longitudinal directions [37, 38].
The fracture process was recorded by a video cam-
era to analyse the crack initiation and propagation.
In Figure 7a, the crack propagation is rather brittle
and no microcrack formation is observed in the
CFRP panel with R/ 1FS matrix. However, in the
laminate with 20CNBR-NP/ R matrix, high amount
of microcrack formation was observed and the crack
often deviated from its path (Figure 7b). Such crack
propagation in zig-zag manners showing meander-
ing paths required a higher driving force and cre-
ated a larger fracture area, resulting in higher frac-
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Table 3. GIC test data, # – standard deviation
X
[phr]
X CNBR-NP/ R X NBR-NP/ R
GIC
[J/m2]
!
[J/m2]
Increase
[%]
GIC
[J/m2]
!
[J/m2]
Increase
[%]
0 (1 FS) 372 32 – – – –
5 517 24 39 510 20 37
10 840 15 126 803 29 116
15 950 102 155 926 56 149
20 1305 105 251 1127 89 203
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Figure 5. (a, b) Edge view of CFRP with R/ 1FS matrix, (c, d) edge view of CFRP with 10CNBR-NP/ R matrix, (e, f) edge
view of CFRP with 15CNBR-NP/ R matrix, (g, h) edge view of 20CNBR-NP/ R matrix
ture toughness. Hence, the enhanced interlaminar
fracture toughness of CFRP panels with nano-
toughened matrices is mainly attributed to the
increased fracture surface area due to the microc-
racking and crack deflection [39].
The fracture surfaces of the DCB samples were fur-
ther examined with SEM, and fibre breakage, inter-
face debonding and delamination were observed in
all of the composites configurations.
In Figures 8a) and 8b, the fracture surface of the
CFRP with the unmodified epoxy matrix shows a
typical brittle fracture with no plastic deformation.
Slight fibre bridging can be observed in these images.
Figures 8c and 8d are the micrographs of the frac-
ture surface of the sample with 20CNBR-NP/ R
matrix that shows fibre bridging in higher aspects.
This high amount of fibre bridging within the struc-
tures accounts for the high interlaminar fracture
toughness values. In Figures 8d and 8f, holes can be
observed on the fibre troughs, which may indicate
that the nanoparticles have adhered to the carbon
fibre surface. In Figures 8e and 8f, an even higher
amount of tortuosity is observed due to good bond-
ing of the NBR-NP modified resin matrix to the car-
bon fibre. Better adherence of the NBR-NP modi-
fied resin matrix to the fibres was also proved in
Figure 2b.
4.4. Mode II interlaminar fracture toughness
(end notched flexure test)
The Mode II fracture toughness data of CFRP sam-
ples obtained from ENF specimens are presented in
Table 4. Mode II interlaminar fracture energy values
are higher than Mode I values because the matrix
crack propagation occurs in shear rather than tensile.
There is a strong dependency of the Mode II frac-
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Figure 6. Load vs. crosshead displacement graph of DCB samples with (a) X CNBR-NP/ R matrix, (b) X NBR-NP/ R
matrix
Figure 7. Crack propagation in DCB test, (a) CFRP with R/ 1FS matrix, (b) CFRP with 20CNBR-NP/ R matrix
ture toughness (GIIC) versus the fibre-matrix bond-
ing. The increase in GIIC toughness with nano rubber
concentration can be explained by good adhesion of
the nano rubber toughened resin matrix to the carbon
fibres (see Figure 8). When the fibre-matrix bond-
ing is strong, energy absorbing phenomena such as
matrix deformation, matrix cracking, fibre pull-out,
and interfacial failure takes place. As a result, the GIIC
of the composites shows a significant improvement.
Figure 9 shows the corresponding load vs. displace-
ment for the ENF samples. The load increases until
the crack initiates and propagates, which then results
in a decrease in load. Once the decrease in load was
observed, the test was stopped. It can be seen that
with an increase in nano rubber loadings, the maxi-
mum load attained before fracture and the displace-
ment to failure increases.
5. Conclusions
In the present study, nano-sized CNBR and NBR rub-
ber particles were used to improve the toughness of
CFRP composites. Special emphasis was placed on
the fracture toughness of two nano-acrylonitrile buta-
diene rubber toughened epoxy composites under
mode I and mode II loading conditions. The most
efficient dispersion technique was identified the
nano rubber systems and the mechanical and morpho-
logical properties of carbon fibre laminate produced
with these nano-modified matrices were studied in
detail.
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Figure 8. SEM images of the fracture surfaces in DCB samples (a) and (b) laminate with R/ 1FS matrix, (c) and (d) lami-
nate with 20CNBR-NP/ R matrix, (e) and (f) laminate with 20NBR-NP/ R matrix
Table 4. GIIC test data, # – standard deviation
X
[phr]
X CNBR-NP/ R X NBR-NP/ R
GIC
[J/m2]
!
[J/m2]
Increase
[%]
GIC
[J/m2]
!
[J/m2]
Increase
[%]
0 (1 FS) 1090 103 – 1090 103 –
5 1156 56 6 – – –
10 1489 89 37 1739 69 60
15 1823 122 67 – – –
20 1976 46 81 2000 58 83
The fracture toughness of the CFRP laminates
improved significantly with the nano rubber modi-
fication of the matrix, which was justified by the
changed morphology of the resins. GIC and GIIC
toughness of CFRP panels were increased by 250 and
80% with rubber loading in both systems. The tough-
ening mechanisms were identified as crack path
deflection, debonding and micro-cracking of the
rubber particles. The elastomeric nature of the nano
rubbers caused a reduction in the interlaminar shear
strength, indicating an enhancement of the flexibil-
ity of the CFRP composites with the dispersion of the
nano rubber.
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